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Typical ferroelectrics possess a large spontaneous polar-
ization (Ps) but simultaneously a large remnant polarization
(Pr) as well, resulting in an inferior energy storage density.
A mechanism that can reduce the Pr while maintain the Ps
is demanded to enhance the energy storage property of
ferroelectrics. In the present study, it is shown that after
acceptor doping and aging treatment, the domain switching
in ferroelectrics becomes reversible, giving rise to a pinched
double hysteresis loop. The pinched loop with a large Ps
and a small Pr thus results in an enhanced energy storage
density. The physics behind is a defect induced internal field
that provides a restoring force for the domains to switch
back. The idea is demonstrated through a time-dependent
Ginzburg-Landau simulation as well as experimental mea-
surements in BaTiO3 based single crystal and ceramics.
The mechanism is general and can be applied to various
ferroelectrics, especially the environment-friendly ones.
1 Introduction
Dielectric capacitors, consisting of a dielectric layer between two
electrodes, store and release charges and electrical energy through
the application and removal of external electric field.1–3 They can
serve as a component in a rechargeable energy-storage system of
high-power/pulsed-power applications, due to their high electric
power output, fast charge-discharge capability, and long cycling
lifetime.4 However, the low energy density limits the energy stor-
age applications of dielectric materials in the compact and efficient
electric power systems.5,6 Therefore, new mechanisms that can
significantly increase the energy density of dielectric materials are
in demand.
The stored energy density of dielectric material (J) is deter-
mined by the applied electric field (E) and the electric polarization
(P) and is given by the following integration,
J =
∫ Pmax
Pr
EdP, (1)
where the upper limit Pmax is the polarization under the maximum
electric field, and lower limit Pr is the remnant polarization (Pr)
when the electric field is zero. Therefore, J strongly depends on Pr,
Pmax, and E, where the maximum of E is limited by the dielectric
breakdown strength (Eb). The smaller Pr, larger Pmax and Eb are
favorable for electric energy storage applications.2
Three kinds of dielectric materials, as shown in Figure 1 (a), (b)
and (c), are common for the production of capacitors. A linear di-
electric material responses to the applied electric field linearly ac-
cording to P = ε0εrE, which renders Pr of 0, as shown in Figure 1
(a). The corresponding J is thus given by J = 12 ε0εrE
2. However,
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Fig. 1 Schematic illustrations of the polarization as a function of electric
field for: (a) linear dielectrics; (b) ferroelectrics; (c) antiferroelectrics; (d)
acceptor doped ferroelectrics after aging. The shaded areas in orange
and hatched areas in blue are the recoverable energy density and dissi-
pated energy density, respectively. The pinched double hysteresis loops
with large spontaneous polarization and small remnant polarization in (c)
and (d) are favorable for energy storage. The anti-parallel arrangement of
dipoles in adjacent unit cell in antiferroelectrics is the ground state, which
will give rise to the double hysteresis loop, as shown by the schematic
beside (c). After acceptor doping and aging treatment, the domain switch-
ing in ferroelectrics becomes reversible, giving rise to a pinched double
hysteresis loop, as shown by the schematic beside (d).
the fairly low relative dielectric constant (εr) limits its polarization
and J. Thus in order to enhance J, many efforts have been de-
voted to increase the breakdown strength (Eb) of such materials
by increasing the density, changing the architecture of devices or
optimizing the microstructure.5,7–11 A ferroelectric material pos-
sesses mesoscopic domains with spontaneous polarization, which
can be switched along the field direction under the applied electric
field. This gives rise to a large Pmax. However, the ferroelectric
domain are unable to switch back when the electric field is re-
moved. Consequently, a large remnant polarization (Pr) occurs,
as shown in Figure 1 (b). According to Equation 1, ferroelectric
material always has a low energy-storage density, even though
they have a moderate electric breakdown strength (Eb). Anti-
ferroelectric material is currently the most promising candidate
for energy-storage applications.12,13 In antiferroelectric material,
electric dipoles align in opposite directions in adjacent unit cells,
leading to a zero net polarization. Such an antiferroelectric state
can be field-induced into a ferroelectric state, and thus exhibits a
large net polarization (Pmax) under the application of electric field.
The anti-alignment is energetically stable and the antiferroelectric
state is restored as long as the external electric field is removed,
resulting a near zero Pr, as shown in Figure 1 (c). Antiferroelectric
materials thus perform better than ferroelectric and linear dielec-
tric materials in energy storage, due to its double-hysteresis loop,
as shown in Figure 1 (c). However, the number of antiferroelec-
tric systems is quite limited and most of them such as La-doped
Pb(Zr,Ti)O3 are Pb-based ones, which causes environmental con-
cerns.12 On the contrary, the ferroelectric materials are abundant
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2 RESULTS AND DISCUSSION
and most of them are Pb-free ones. Thus an alternative mecha-
nism that can drive the ferroelectrics to have an antiferroelectric-
like double hysteresis loop is needed, which will enlarge the possi-
ble candidate pool for energy storage materials, especially Pb-free
ones.
In ferroelectrics, different domain states are energetically iden-
tical; thus there is no driving force to re-establish the initial multi-
domain state.14 Consequently, a single domain state with large
remnant polarization Pr always appears after the removal of the
field. This inherent irreversibility in domain switching makes the
potentially large energy storage of ferroelectrics futile. Here we re-
ported that acceptor doping and aging treatment in ferroelectrics
can generate an "intrinsic" restoring force to make domain switch-
ing reversible, and consequently a small Pr can be achieved with-
out sacrificing the Pmax. The small Pr and large Pmax give rise to an
enhanced energy storage property of ferroelectrics.
The acceptor dopants (i.e., ions with valence smaller than the
host ions) always generate oxygen vacancies (V ··O) in the lattice
due to charge conservation.15 These V ··O are mobile and can be re-
distributed over a long period after sudden disturbance such as the
structural phase transition, or the domain reconfiguration.16–18 In
the equilibrium ferroelectric state (i.e. after aging in ferroelectric
state for a long time), the polar crystal symmetry of ferroelectric
phase will lead a polar distribution of V ··O . This is supported by
the electron paramagnetic resonance (EPR) spectroscopy results,
which have shown a polar alignment of the Cation-V··O dipoles
in acceptor doped BaTiO3.19,20 Such a polar alignment creates a
defect polarization PD along the spontaneous polarization Ps di-
rection (PD‖Ps), and produces an internal bias field.16,21–24 Thus
within each domain of the multi-domain state, the defect polariza-
tion PD and induced internal field stabilize the spontaneous polar-
ization PS. When such stable domains are switched by an electric
field, domain switching occurs abruptly (without diffusion) with
Ps following the external electrical field direction. However, the
PD cannot be rotated in such a diffusionless process, since the re-
orientation of PD involves the migration of V ··O .
25 This unswitch-
able PD provides a restoring force or reverse internal field favor-
ing a reverse domain switching when the electric field is removed,
so a double polarization-electric field (P-E) loop is observed and
the remnant polarization Pr is minimized. Therefore, high energy
storage density can be achieved. Such a double hysteresis loop
looks similar with that of the anti-ferroelectric materials, but orig-
inates from a different mechanism of reversible domain switching,
as shown in Figure 1 (d). The idea is applicable to various systems,
as such a phenomenon occurs in almost all the acceptor-doped fer-
roelectric materials.
2 Results and Discussion
2.1 Modeling
In order to verify the above idea, we first build a 2D Landau-
Ginzburg model by introducing a contribution of internal field
induced by defects to the Gibbs free energy of the system. The
polarization-electric field (P-E) hysteresis loop, the evolution of
domain patterns under electric field as well as the energy storage
property can be simulated as a function of aging time.
Incorporating the influence of the internal field associated with
defect and aging26, the total free-energy is written as the summa-
tion of five contributions,
G= GL+Ggrad +Ges+Gem+Gρ . (2)
The GL is the Landau expansion of the free energy in terms of the
order parameter polarization (~P), which is give by,
GGL =
∫
α1(P2x +P
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(3)
where Px and Py is the component of polarization (~P), and ~E is
the external electric field applied to the ferroelectric material. The
Ginzburg term Ggrad is the gradient energy represents the energy
of the domain wall, which is given by:
Ggrad =
∫ g1
2
(P2x,x+P
2
y,y)+
g2
2
(P2x,y+P
2
y,x)+g3Px,xPy,ydv, (4)
where Pi, j represents the partial derivative of Pi(i = x,y) with re-
spect to j( j= x,y). The Ges is the electrostatic energy, which repre-
sents the energy contribution of the interaction between depolar-
ization field and dipoles. It can be written as,
Ges =−12
∫
~P ·~Eddv, (5)
where Ed is the depolarization field originating from the polar-
ization. The Gem is the electromechanical energy, which de-
scribes not only the pure elastic energy but also the coupling
between polarization and strain. We define e1 = (εxx + εyy)/
√
2,
e2 = (εxx−εyy)/
√
2 and e3 = εxy, where the εi, j are the components
of strain tensor. Then the Gem takes the form,
Gem =
∫
[
1
2
A1e21+
1
2
A2e22+
1
2
A3e23+αe1(P
2
x +P
2
y )
+βe2(P2x −P2y )+ γe3PxPy]dv
(6)
The above terms are the traditional Ginzburg-Landau free en-
ergy. The Gρ is the contribution associated with ferroelectric aging,
which we assume to be a double-well potential similar with that of
the order parameter ~P. The reason is that the point defect distribu-
tion symmetry follows the symmetry of the ferroelectric phase and
consequently the defect polarization PD aligns along the direction
of the order parameter ~P.16–18,25 The Gρ is given by,
Gρ =
∫
ω1(ρ2x +ρ
2
y )+ω2(ρ
4
x +ρ
4
y )+ω3(ρ
2
x ρ
2
y )−µ~ρ ·~Pdv, (7)
where ρx and ρy are the components of internal field vector ~ρ, ωi
are the coefficients that control the aging process, and µ is the pa-
rameter that describes the coupling strength of polarization and
the internal field. It is noted that the 6th order and 8th order
terms in GL are absent in the Gρ . The former aims at describ-
2
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Table 1 Coefficients of the Ginzburg-Landau free energy and electrome-
chanical energy from 27,28 (in SI units and T in K).
coefficient values unit
α1 4.124×105(T −388) C−2m2N
α11 4.554×108 C−4m6N
α12 8.676×108 C−4m6N
α111 1.294×109 C−6m10N
α112 −1.950×109 C−6m10N
α1111 3.863×1010 C−8m14N
α1112 2.529×1010 C−8m14N
g1 5×10−10 C−2m4N
g2 2.7×10−11 C−2m4N
g3 0 C−2m4N
A1 2.744×1011 m−2N
A2 0.816×1011 m−2N
A3 4.88×1011 m−2N
α −1.281×1010 C−2m2N
β −0.773×1010 C−2m2N
γ −1.415×1010 C−2m2N
ing the possible ferroelectric-ferroelectric phase transitions, such
as the tetragonal to orthorhombic, orthorhombic to rhombohedral
in barium titanate (BaTiO3). While only the aging behavior in cu-
bic and tetragonal phase is considered in the present work, the
2th order and 4th order terms are sufficient to describe the defects
induced internal field. For more complicated behaviors of defect
dipoles in orthorhombic and rhombohedral phases, the 6th and
8th order terms can be considered in the Gρ .
The kinetics of the domain evolution are described by the fol-
lowing equation,
∂Pi
∂ t
=−Γ δG
δPi
, (8)
where Γ is the constant describing the evolving rate. By solving
Equation 8, we are able to get the stable Px and Py. The distribu-
tion of Px and Py gives rise to the domain pattern of the ferroelec-
tric system. The evolution of the internal field is governed by the
following equation,
∂ρi
∂ t
=−M δGρ
δρi
, (9)
By solving Equation 9, the values of internal field at different aging
time can be obtained. We thus can calculate the polarization and
domain evolution as a function of external electric field at different
aging time.
We utilized the BaTiO3 as a model system, and the coefficients of
BaTiO3 for the traditional Ginzburg-Landau free energy terms are
listed in Table 1.27,28. In the parameterization of Gρ , we chose pa-
rameters which render the stable internal field ( i.e., the extremum
of the Gρ) larger than the coercive field of the BaTiO3 of 2× 107
V/m, in order to provide sufficient restoring force to achieve re-
versible domain switch in acceptor doped BaTiO3. The parame-
ters were set as ω1 = 1V−2N, ω2 = −2ω1×16×1014V−4m2N, and
ω3 = 2ω2V−4m2N. The coupling coefficient between the internal
field ~ρ and order parameter ~P, µ, is set to be 1.0× 104 to ob-
tain a proper coupling strength. The model was then built on a
128×128 gird representing a 0.125µm×0.125µm sample. The
two kinetic evolution equations, Equation 8 and Equation 9, can
be numerically solved simultaneously. As the explicit form of δGδPi
only exits in Fourier space, Equation 8 were solved by the 3th order
semi-implicit Fourier spectrum method numerically, which allows a
faster and more precise solution.29 Equation 9 were solved by the
Euler method, which greatly simplifies the program but without
sacrificing too much precision. It is noted that at room tempera-
ture the domain switching has a much faster kinetic process than
the diffusion of defects such as V ··O . The time constant Γ for domain
switching is much larger than the time constant M for the change
of ρ. Thus the internal field ρ can be considered as a constant
during the domain switching process. Given that, we obtain the
internal field ρ by solving Equation 9 based on a stabilized domain
configuration, and then include the internal field ρ to the total
free energy to get access to the net polarization and microstruc-
ture under external field by solving Equation 8. We thus can get
the domain configuration and P-E hysteresis loop at different aging
time (i.e., different values of ρ).
2.2 Simulation Results
Figure 2 shows our simulation results of defect doped BaTiO3. We
simulate the domain switching and polarization change as a func-
tion of electric field for a BaTiO3 before aging (ρ = 0). As shown in
Figure 2 (a), we start from the point 1© that is a multi-domain state
with zero net polarization. With increasing electric field, the po-
larization increases as a result of domain switching. At maximum
electric field, a single domain state is observed, and simultaneously
polarization increases to maximum (point 2© in the P-E curve).
When the electric field unloads to zero, the single domain state
is preserved and the polarization does not come back to zero and
gives rise to the remnant polarization (point 3© in the P-E curved).
Moreover, loading electric field in the opposite direction results in
another single domain state (point 4© in the P-E curve). A normal
single hysteresis loop is observed. Consequently, a high remnant
polarization (about 0.26 pC/cm2) gives a very low energy storage
density, as indicated by the red shaded part in Figure 2 (a).
We then simulate the domain switching behavior of well aged
BaTiO3. We apply electric field to a multi-domain state with net
polarization of zero, as shown by point 1© in the hysteresis loop
of Figure 2(b). When the field reaches maximum, a single domain
configuration is observed, which corresponds to the maximum po-
larization (point 2© in the P-E curve). Interestingly, when the elec-
tric field decreases to zero, the same multi-domain pattern as the
original one is recovered (compare the micrograph at points 1© and
3©). At the same time, the net polarization becomes zero. Further-
more, the similar phenomenon occurs for the reverse electric field
except that the polarization changes into negative value. A double
P-E hysteresis loop is observed due to reversible domain-switching
upon electric field cycling in the aged sample.17,30 The remnant
polarization becomes zero, which enlarges the value of the energy
storage density.
The energy storage density J is then calculated from the simu-
lated P-E curve and is plotted as a function of aging time in Fig-
ure 2 (c). Here we use the simulation steps when numerically
solving Equation 9 to represent the aging time and the time scale
is not the actual aging time. It can be seen that when the aging
time is less than 1000 steps, J is small and changes a little with
aging time, as the internal field ρ are not able to provide enough
3
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Fig. 2 (a) The P-E hysteresis loops from time-dependent Ginzburg-
Landau simulation for un-aged and aged ferroelectrics, respectively. After
aging, a single loop turns into a double loop. The insets of (a) and (b) are
typical domain patterns during loading and unloading. The initial domain
pattern of aged sample in (b) can be restored after unloading, in contrast
to that in (a). Both the energy storage density and the energy efficiency
increase with aging time, as shown in (c). The solid line is a guide for eyes.
Fig. 3 The P-E hysteresis loop for (a) the un-aged and (b) aged K+ doped
strontium barium titanate (BST) single crystal, respectively. The shaded
area of (a) and (b) are the recoverable storage energy (J). The aging time
for (b) is 324 hours. A single loop turns into a double loop with aging time.
(c) The energy storage density and energy efficiency as a function aging
time.
The line is a guide for eyes.
restoring force to switch back the domains. When the aging time is
longer than 1000 steps, J exhibits a sudden increase and saturates
after that, which indicates that the reversible domain switching oc-
curs. Beside the J, the energy efficiency η , defined as the ratio of
recoverable energy density to overall energy input density, is also
calculated and is shown as function of aging time in Figure 2 (c).
As the aging induced reversible domain switching deceases the re-
manent polarization Pr, the J follows the same tendency as that of
J. Thus aging for enough time builds an internal field by the diffu-
sion of oxygen vacancies (V ··O), which enhances the energy storage
density as well as the energy efficiency of ferroelectrics.
2.3 Experimental Validation
Experimentally, we validate our design strategy by measuring the
P-E hysteresis loop of the aged and un-aged K+ doped (Ba,Sr)TiO3
single crystal and Nb5+ and Mn3+ doped BaTiO3 ferroelectric ce-
ramics. We firstly measured the hysteresis loop of un-aged K+
doped (Ba,Sr)TiO3 single crystal at room temperature. K+ substi-
tutes Ba2+ and serves as as an acceptor dopant to generate oxygen
vacancies (V ··O) by charge compensation. A normal square P-E hys-
teresis loop appears in Figure 3 (a), because there is no defects in-
duced internal field to induce the reversible domain switching. The
remnant polarization is high (9.13 µC/cm2) and the corresponding
energy density is quite low (0.022J/cm3). After that, we age the K+
doped (Ba,Sr)TiO3 crystal at room temperature for 324 hours, and
measure its P-E hysteresis loop. As expected, a double hysteresis
loop appears, as shown in Figure 3 (b). The remnant polarization
Pr steeply drops to 1.78 µC/cm2, the corresponding energy storage
density is enhanced to 0.050× J/cm3, as indicated by the shadow
4
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Fig. 4 The P-E hysteresis loop for Ba(Ti0.99Mn0.01)O3−δ and
Ba(Ti0.98Mn0.01Nb0.01)O3−δ aging after 2700 hours.
in Figure 3 (b). Meanwhile, the energy efficiency η also increases
from 22% to 36%. To find the aging time dependence of J for the
single crystal sample, we then age the sample for different time
and calculate J by measuring the corresponding P-E loops. In or-
der to ensure the reliability of experiments, we de-age samples at
200 oC for 30 minutes every time after we measure the hysteresis
loop. At 200 oC, the ferroelectric phase transforms into paraelec-
tric phase, and the oxygen vacancies (V ··O) redistribute randomly at
this temperature.25 Then sample is aged at room temperature for a
particular time again. The energy storage density J and efficiency
η are plotted as a function aging time in Figure 3(c). Both the J
and η increase with aging time. Such tendency is similar with the
simulated result in Figure 2(c).
We further demonstrate the idea in the ferroelectric ceramics,
which are more widely used in industrial application. We choose
the Nb5+ and Mn3+ hybrid-doped in BaTiO3 ceramics as an ex-
ample. The Mn3+ is doped as acceptor dopant to substitute Ti4+
so that oxygen vacancies (V ··O) are created by charge compen-
sation. Although Mn is a element with various valence states
such as Mn2+, Mn3+ and Mn4+, the EPR data have shown that
Mn3+ ions are dominating in Mn doped BaTiO3 ceramics.31–35
Adding the donor dopant Nb5+ increases the aging rate and de-
creases the coercive field and especially the energy dissipation
of hysteresis.36–38 Thus a more obvious aging effect and an en-
hanced energy efficiency are expected by Nb5+ doping. Fig-
ure 4 compares the hysteresis loops of Ba(Ti0.99Mn0.01)O3−δ and
Ba(Ti0.98Mn0.01Nb0.01)O3−δ after aging for 2700 hours. It is found
that the remnant polarization Pr of the sample with Nb5+ drops
more obviously than that of BaTiO3 without Nb5+. It infers that
Nb5+ and Mn3+ hybrid-doped BaTiO3 gains a more obvious aging
effects after the same aging time than Mn3+ doped BaTiO3. More-
over, Ba(Ti0.98Mn0.01Nb0.01)O3−δ has a lower energy dissipation
(i.e., the area between the loading and unloading curves), compar-
ing with that of Ba(Ti0.99Mn0.01)O3−δ . Therefore a hybrid doped
BaTiO3 is used in the present study.
The Curie temperature of the ceramic sample is about 100oC,
determined by the permittivity versus temperature curve. The
experimental procedure is the same with that of the K+ doped
(Ba,Sr)TiO3 single crystal sample. Typical hysteresis loops of un-
aged and aged samples are shown in Figure 5(a) and (b) respec-
Fig. 5 The P-E hysteresis loop for (a) the un-aged and (b) aged
Ba(Ti0.98Mn0.01Nb0.01)O3−δ ceramic, respectively. The shaded area of (a)
and (b) are the recoverable storage energy (J). The aging time for (b) is
2700 hours. A single loop turns into a double loop with aging time increas-
ing. (c) The energy storage density and efficiency as a function aging time.
The line is a guide for eyes.
tively. They are similar with those found in single crystal sample
shown in Figure 3(a) and (b). For the un-aged ceramic sample, a
single P-E hysteresis loop, the low energy storage density of 0.077
J/cm3 and efficiency of 41% are observed. On the contrary, for
the aged ceramic sample, a double P-E hysteresis loop gives rise
to a large energy storage density of 0.150 J/cm3, about twice that
of unaged sample. Moreover, the efficiency for aged sample is in-
creased to be 73%. The aging time dependence of the energy stor-
age density J and the efficiency η is shown in Figure 5 (c). Both J
and η increase a little when the aging time is short. After long time
aging time, J and η jump suddenly, and reach a saturation value.
The aging time dependence of J and η validates the simulation
results.
2.4 fatigue test
The cycling life is crucial in practical energy storage applica-
tion. We measure the fatigue performance of the aged acceptor
doped ferroelectric ceramics. An alternating electric field of 30
kV/cm is applied to a Ba(Ti0.98Mn0.01Nb0.01)O3−δ ceramic sam-
ple, which was already aged for 2700 hours. The P-E hystere-
sis loops of aged Ba(Ti0.98Mn0.01Nb0.01)O3−δ at different cycling
numbers are shown in Figure 6 (a), comparing with that of the
unaged Ba(Ti0.98Mn0.01Nb0.01)O3−δ . It can be seen that the dou-
ble loop with higher energy storage density persists even after
cycling for 106 times. Figure 6(b) further plots the energy stor-
age density and the efficiency as a function of cycling numbers.
The energy storage density decreases with cycling. However, af-
ter 106 cycles, the reduction of the energy storage density is no
more than 11%. It is still appropriately 80% higher than that
of the unaged Ba(Ti0.98Mn0.01Nb0.01)O3−δ . The efficiency of aged
5
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Fig. 6 (a) The P-E hysteresis loops of Ba(Ti0.98Mn0.01Nb0.01)O3−δ ceramic
after cycling for 104, 105, and 106 cycles. (b) The energy storage density
and the efficiency as a function of cycling times.
Ba(Ti0.98Mn0.01Nb0.01)O3−δ ceramic decreases a little with cycles.
Moreover, we found that during the fatigue measurement a short
suspension from electric field cycling rejuvenate the energy stor-
age energy, which is presumably due to that a hyper-fast re-aging
process leads to a recovery of energy storage density after a short
rest. (See in the supplement figure 1) Therefore, the enhanced en-
ergy storage density after aging can be potentially used for cycling
applications.
3 Conclusions
“In our study, the obtained energy storage density of the aged
BaTiO3 sample is around 0.15 J/cm3. The values of the BaTiO3
based systems in literatures under the similar electric field range
from 0.1 ∼ 0.25 J/cm3.39–46 The higher values reported are
achieved either by fabricating denser and better samples to in-
crease the dielectric break down strength or by doping ions to
increase the maximum polarization and consequently the permit-
tivity. Our approach of acceptor doping and aging can be further
utilized to enhance the energy storage density of these reported
systems via changing the single P-E hysteresis loop to a double
one. " It should be also noted that the aging treatment may not
be applicable to enhance the energy storage density of the other
three kinds of dielectrics shown in Figure 1. The double hysteresis
loop of anti-ferroelectrics persists after aging but with some decay
in the maximum polarization.47 The aging affects a little to P-E
hysteresis loops of linear and paraelectric materials but sometimes
results in a small increase in the dielectric constant.25 Thus the ag-
ing treatment has a trivial influence on the energy storage density
of anti-ferroelectric, linear and paraelectric materials, comparing
with the ferroelectric material.
In summary, we showed that the energy storage property can be
enhance through a reversible domain switching mechanism theo-
retically and experimentally for single crystal and polycrystalline
ferroelectrics. The acceptor doping generates the mobile oxygen
vacancies while the aging treatment allows a polar distribution of
these mobile defects. Such a polar distribution induce an inter-
nal bias-field, which provides a restoring force for the domains to
switch back to the initial domain states and consequently achieves
a double P-E hysteresis loop with extremely low remnant polariza-
tion. Thus a high energy storage density, from a similar double P-E
hysteresis loop with that of the anti-ferroelectrics, is realized. Such
a double hysteresis loop and the reversible domain switching can
be generally achieved in many acceptor doped ferroelectric mate-
rials including BiFeO3, K0.5Na0.5NbO3, and Bi0.5Na0.5TiO3-BaTiO3
systems.48–50 Thus the acceptor doping and aging method can be
widely used in many ferroelectric systems to increase their energy
storage density. The energy dissipation and output efficiency are
also important properties for ferroelectric material in energy stor-
age application. The hybrid-doping with acceptor and donor is an
efficient way to decrease the dissipation and increase output ef-
ficiency.36 Studies on improving dissipation and output efficiency
are expected. The fatigue property of these acceptor doped fer-
roelectric material should also be considered. It has been shown
that after more than 105 cycling, the double hysteresis loop of the
aged acceptor-doped ferroelectric material maintains well.51 But
the upper limit of fatigue property can still be pushed forward.
What’s more, the aging time and defects doping concentration can
still be optimized to obtain a higher energy storage density.
4 Experimental Section
The K+-doped (Ba,Sr)TiO3 single crystal used in the present study
was grown by the KF flux method at about 1200 oC. The as-grown
samples were annealed at 1000 oC for 10 h to remove the F− so
that the remaining K+ was on the Ba2+ site as an acceptor dopant
and the oxygen vacancy could be created by charge compensation.
The Ba/Sr ratio was analyzed to be about 85/15 and the concen-
tration of K+ was analyzed to be about 1.4 mol% by using the x-ray
fluorescence analyzer XRF-1800 from Shimizu Corporation. The
Curie temperature of the single crystal, determined by the permit-
tivity versus temperature curve, is about 76 oC. The samples for
polarization measurement were coated with silver electrodes on
both sides.
The ceramic samples were fabricated with a conventional solid-
state reaction method with starting chemicals of BaCO3 (99.95%),
Nb2O5 (99.9%), Mn2O3 (99%), and TiO2 (99.9%). The starting
powder was ball-milled for 5 hours followed by being calcined at
1250oC for 2 hours. The pre-sintered product was milled into
powder again and then mixed with PVA as the glue to combine
the powder together. The mixture was pressed into pallets under
13MPa, and then sintered at 1350oC for 4 hours. The aging tem-
perature was set as 80oC, which is in the ferroelectric state. The
ceramic sample for polarization measurement were coated with
silver electrodes on both sides. Ferroelectric hysteresis loops were
6
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measured with a ferroelectric tester (Radiant Workstation) at 10
Hz. The fatigue measurement was also conducted on the same
tester at 80 Hz under 30 kV/vm alternating electric field.
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